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Calculations of implementation-adjusted estimates are illustrated under different scenarios through a stylized case study in non-small cell lung cancer. Results: In the particular case study, the population values for EVSI and IA-EVSI were £25 million and £8 million, respectively; thus, a decision assuming perfect implementation would have overestimated the expected value of research by about £17 million. IA-EVSI was driven by the assumed time horizon and, importantly, the specified rate of change in implementation: the higher the rate, the greater the IA-EVSI and the lower the difference between IA-EVSI and EVSI. Conclusions: Traditionally calculated measures of population VoI rely on unrealistic assumptions about implementation. This article provides a simple framework that accounts for improved, rather than perfect, implementation and offers more realistic estimates of the expected value of research. Key words: value of information; implementation; health care decision making; health care research. (Med Decis Making 2016; 36:296-307) T he increasing demand for evaluative research to support evidence-based clinical practice, coupled with the acknowledgment that decisions to fund such research from the public purse should be subject to the same scrutiny as any other investment of public resources, has given rise to calls for the use of analytic approaches in research prioritization. [1] [2] [3] [4] A number of such approaches have been put forward as a means of estimating the potential value of research and informing funding decisions. [5] [6] [7] [8] [9] [10] Prominent among them is value of information (VoI), a methodological framework developed to assist with decision making under conditions of uncertainty. 11, 12 The framework builds on the acknowledgment that decisions made under uncertainty about their payoffs may turn out to be erroneous and will be associated with an expected loss of benefits. Additional information is useful because it limits the scope for erroneous decisions and reduces this loss of benefits. In essence, VoI infers the value of pursuing additional information through research from the reduction in the expected loss of benefits. 13 Two main concepts in VoI are usually distinguished: the expected value of perfect information (EVPI) and the expected value of sample information (EVSI). 14, 15 EVPI shows the maximum benefits expected to accrue from eliminating uncertainty around a decision problem and is calculated as the difference between the expected benefits from a decision under perfect and current information. EVSI expresses the expected benefits of making a decision in light of sample information drawn from a particular study of a particular design, and it expresses the difference between the benefits expected under sample and current information.
Typically, VoI results represent the expected benefits of acquiring information on the premise of optimal implementation. In essence, it is effectively assumed that, should additional information become available, the decision maker would be able to choose the optimal course of action and this choice will be implemented instantaneously and comprehensively, so that the calculated expected benefits would be attained in full. Although this assumption may be realistic for decisions related to other fields in which VoI has found application (e.g., a decision to purchase a specific piece of machinery 13 or use a particular type of remedial treatment for water contamination, 16 ) it is less likely to hold true in health care. Indeed, evidence suggests that very rarely will a decision to recommend a particular course of action (e.g., a particular treatment) result in direct and optimal implementation in clinical practice. [17] [18] [19] [20] In reality, many patients continue to receive care that is not considered to be optimal under the existing scientific evidence. 21, 22 The fact that VoI estimates do not, in their current form, account for the reality of imperfect implementation has a notable implication: the estimated benefits from further research calculated assuming that research results will be perfectly implemented will be an overestimate of the benefits that would be realized under the reality of imperfect implementation. Presented with estimates that overlook the reality of imperfect implementation, a decision maker may favor research that will inevitably result in inferior returns, or even loss of benefits, should the true, ''realizable'' benefits from research be lower than the cost of research.
Although the need to adjust VoI measures for implementation has often been highlighted, 14, 23, 24 the literature on the topic, at least in the health care field, is limited, with only a handful of studies looking into imperfect implementation in relation to VoI. [25] [26] [27] Prominent among them is an intuitive conceptual framework that proposes ways of assessing the expected value of implementation strategies. 25 However, this work sees the value of perfect information and the value of perfect implementation as related but separate measures. Thus, although in its current form the proposed framework does not aim to account for the impact of implementation on VoI estimates, it offers a useful platform for further extensions.
Within this context, we set out to present a methodology for adjusting VoI results for implementation. In doing so, it is acknowledged that the availability of additional information on the clinical and costeffectiveness of a treatment is expected to have a bearing on the treatments' use in clinical practice, but it will not necessarily lead to instantaneous and perfect implementation. Adjustments are illustrated by extending the existing framework to include additional ''states of the world'' related to information and implementation. The extension enables conceptualizing and calculating the implementation-adjusted EVSI (IA-EVSI), a measure that expresses the expected returns to research adjusted for imperfect implementation.
EXISTING FRAMEWORK TO ACCOUNT FOR IMPLEMENTATION IN VOI CALCULATIONS
In an influential study on the topic, Fenwick et al. 25 acknowledge that imperfect implementation leads to inefficiencies and set out to present the monetary benefits expected from different states of the world, in which each state represents a unique combination of available information and implementation (top half-section of Box 1). In this framework, information is either ''current'' (i.e., existing information available prior to any results from further research) or ''perfect'' (i.e., a state of absolute certainty about the true payoffs of different actions). Implementation is expressed as a prescription share reflecting the proportion of eligible patients receiving a treatment of interest; this is either ''optimal'' (i.e., all eligible patients receive the cost-effective treatment) or ''current'' (i.e., only a proportion of the eligible patients receive the treatment that appears to be cost-effective). Rather than to adjust for the value of research, different states are combined to give distinct measures of the expected values of perfect information and implementation. These measures provide a necessary condition (or a ''first hurdle'') Box 1 Existing and extended matrices showing possible states of the world in relation to information and implementation.
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Current Optimal Improved Framework introduced by Fenwick et al. 25 for committing funds to further research or implementation, although they cannot indicate whether conducting a particular piece of research or undertaking a specific implementation initiative would be necessarily worthwhile.
In calculating the maximum expected benefits from further information or implementation, a key assumption is that acquiring additional information will not, in itself, have an impact on implementation, which will always remain at its current level unless active implementation strategies are put in place to alter it. Fenwick et al. 25 note that this is a somewhat simplistic view, because acquisition of information is likely to lead to a change in implementation. In the context of perfect information, this assumption is unavoidable; it is impossible to determine how acquisition of perfect information may affect implementation because the very concept of perfect information is a notional state of the world, serving to highlight the maximum expected returns to research. To identify the effect of implementation on the value of information, one needs to consider the expected benefits expected to accrue from sample rather than perfect information.
ADJUSTED MEASURES OF INFORMATION AND IMPLEMENTATION
The work presented by Fenwick et al. 25 offers an intuitive framework for examining the interrelation between information and implementation, and serves as a basis for further extensions. Two additional levels are introduced-sample information and improved implementation. These levels give rise to States K to O, presented in the bottom half part of Box 1.
State K represents a situation in which sample information is available, but despite this, implementation remains at current levels. State L reflects a situation in which the availability of sample information is followed by optimal implementation, that is, the treatment that is shown to be cost-effective is provided to the entire population of eligible patients. State O shows the pragmatic situation in which sample information is available, and, in light of this information, there is a beneficial change in implementation (i.e., increase in the use of the treatment shown to be cost-effective and decrease in the use of non-cost-effective alternatives). This state can be thought of as occupying the ''middle'' ground between states L and K. Large changes in uptake that tend toward optimal implementation approach state L, whereas limited changes would lead implementation levels toward state K. State N represents the situation in which availability of perfect information is expected to drive implementation toward an improved level. Although unattainable, this hypothetical state is conceptually useful in that it reflects the fact that perfect information may not necessarily lead to optimal implementation. In contrast, state M reflects a situation in which a change in implementation is brought about without obtaining further information. Such a change would be attributed to factors other than the availability of research results, such as effective promotion of the treatment by its manufacturer, availability of the treatment as a generic product at a lower cost, and so on. State M reflects a situation in which there are improvements in the implementation of a decision made under current information. Although this state may be useful in estimating the value of strategies aiming to strengthen the implementation of decisions made under current information, this state is not directly relevant to the purposes of this study.
Two key pieces of information are needed for conceptualizing this framework: estimates of the current level of implementation (i.e., current treatment shares) and predictions of the likely trajectory of implementation under two situations: with and without research taking place (a ''factual'' and ''counterfactual'' state, respectively). Under the factual state, information is needed on the rate of change in implementation throughout a given period of time (uptake rate), the total number of periods during which information will be usable (time horizon), and the ceiling level of implementation that may be reached at the end of the time horizon (saturation level). Under the counterfactual state, information is needed on the likely use of treatments in the absence of research results. In general, the availability of information is expected to lead to an increase in the uptake of the treatments shown to be cost-effective, and a decline in the use of non-cost-effective treatments. 28 However, in the absence of specific measures, implementation is likely to reach an ''improved'' level, which is likely to be higher than that of ''current'' implementation but lower than ''optimal'' implementation. 29, 30 A series of measures of the value of information can be derived from combining different states of the world (Table 1) . The difference between states D and C gives the EVPI for the population of eligible patients, a measure of the expected net monetary benefit (NMB) from a decision made with perfect, as opposed to current, information, assuming that the decision will be implemented optimally. The comparison between current and optimal implementation gives the expected value of perfect implementation (EVPIM). 25 Under current information, EVPIM shows the difference between providing the superior treatment to the whole population (state C) and continuing with current prescription shares (state A). This value represents the maximum expected gains from investing resources in the pursuit of better implementation of the treatment that is shown to be cost-effective under current evidence.
The difference between the value of a decision made with sample information and optimal implementation (state L), and one made with current information and optimal implementation (state C), gives the nonadjusted EVSI. In calculating this value, it is effectively assumed that the treatment shown to be cost-effective will be provided instantaneously to the entirety of the eligible patients. Importantly, the difference in NMBs resulting from a state in which sample information is available and triggers some change in implementation (i.e., leads to improved implementation), and the ''current'' state in which current information is available and implementation stays at current levels, gives an implementation-adjusted measure of the EVSI. The IA-EVSI can be thought of as the returns to investing in sample information after accounting for the likely level of implementation, and it comprises the benefits expected from the availability of improved information and the gains from a beneficial change in treatment use triggered by the emergence of this information. If the cost of research is known, subtracting this cost from the IA-EVSI can give a measure of the implementation-adjusted expected net benefit of sampling (IA-EBNS), which can be used as a reference point for specifying optimal study characteristics.
ILLUSTRATIVE CASE STUDY
The extended framework is illustrated through a stylized example representing a decision to fund a clinical trial in non-small cell lung cancer (NSCLC).
Advanced-stage NSCLC patients eligible for chemotherapy are typically treated with thirdgeneration chemotherapy combined with a platinum analog-either cisplatin (Cisp) or carboplatin (Carb). 31 Although both cisplatin and carboplatin are used widely in clinical practice, they present different toxicological profiles, and, by extension, they are associated with different health outcomes and different levels of health care resource use. In light of this, a pertinent decision relates to whether public funds should be invested in a clinical trial looking into the effectiveness and cost-effectiveness of cisplatin and carboplatin, each combined with standard gemcitabine chemotherapy. The analysis involved 3 stages, which are described in turn below.
Decision Modeling
A decision model was built to synthesize existing evidence and determine the cost-effectiveness of gemcitabine plus cisplatin (Gem+Cisp) and gemcitabine plus carboplatin (Gem+Carb) in light of this evidence. In brief, the model comprised 3 states: progression-free (PG-F), progression (PG), and death (D). Key model parameters, including time to disease progression and death, costs, and health-related quality of life, were assigned probability distributions. Results were expressed as cost per additional quality-adjusted life year (QALY) and were translated into NMBs on the basis of a willingness-to-pay value of £30,000 per QALY; 32 other values are equally applicable. Details on the structure and parameter distributions used in the model are given in Supplementary Appendix A.
VoI Calculations
EVPI and EVSI analyses were carried out on the basis of output from the probabilistic model described above using established nonparametric methods. 33, 34 The process of calculating the EVSI is Perfect information, optimal implementation (state D) -Current information, optimal implementation (state C) Expected value of perfect implementation (EVPIM) Current information, optimal implementation (state C) -Current information, current implementation (state A) Expected value of sample information (EVSI) Sample information, optimal implementation (state L) -Current information, optimal implementation (state C) Implementation-adjusted EVSI (IA-EVSI) Sample information, improved implementation (state O) -Current information, current implementation (state A)
given in Supplementary Appendix B. Calculations were based on a clinical trial using 450 participants per arm, similar to the BTOG-2 clinical trial that has been proposed to compare Gem+Cisp and Gem+Carb in NSCLC. Individual patient EVPI and EVSI values were extrapolated to the population of eligible patients during a 5year time horizon. The incidence of grade III/IV NSCLC patients eligible for platinum-combined chemotherapy was estimated to be 5680 per year. 35 The population EVPI and EVSI were discounted at 3.5% per year during the specified time horizon. Alternative values were used in sensitivity analyses. Information on current implementation (i.e., the prescription share of each treatment) suggests an equal split between cisplatin and carboplatin across eligible patients. For the ''factual'' state, treatment uptake rates under ''improved implementation'' were based on assumptions informed by discussions with experts in cancer treatment commissioning. In the ''base case'' analysis of this illustrative study, it was hypothesized that the prescription share of the treatment shown to be cost-effective would increase by 5 percentage points per year in a linear fashion, starting from the current level of 50% and reaching a saturation level of 75% at the end of the 5-year time horizon. Equivalently, the use of the noncost-effective treatment (Gem+Carb) was assumed to decrease linearly from 50% to 25% throughout the 5 years (Figure 1 ). In the absence of research, it is assumed that implementation of Gem+Cisp and Gem+Carb will remain at current levels. Different scenarios were explored in sensitivity analyses.
Sensitivity Analysis
Different assumptions around the likely trajectory of implementation were assessed in sensitivity analyses. These involved using nonconstant uptake rates that reflect functions commonly used to represent patterns of diffusion and adoption of technologies throughout time, 36 as well as different saturation levels. Additional analyses were carried out to explore the impact of different time horizons over which information was assumed to be useful, different discount rates, and change in the annual incidence of eligible lung cancer patients projected on the basis of current trends. 37 
RESULTS
Cost-Effectiveness Analysis
Results of the cost-effectiveness analysis suggested that Gem+Cisp is less costly and more effective than Gem+Carb, resulting in mean cost savings of approximately £175 and a mean gain of 0.017 QALYs per patient. At a ceiling ratio of £30,000, the results translate into £11,036 and £10,356 NMBs for Gem+Cisp and Gem+Carb, respectively. At the particular threshold, the probability of Gem+Cisp being more costeffective than Gem+Carb is 0.58.
Value of Information Measures
The expected NMBs for different states of the world, and different measures calculated from different combinations, are given in Tables 2 and 3 , respectively. The EVPI for the population of eligible patients was estimated at £31 million. This value represents the maximum possible returns to acquiring additional information around the specific decision problem, and it can be seen as the upper limit to the resources that could be devoted to pursuing further information.
Under current information, that is, with Gem+Cisp being superior to Gem+Carb, the maximum expected gains from investing resources in the pursuit of better implementation (i.e., the EVPIM) are £9.04 million. The nonadjusted EVSI for the eligible population amounted to £24.99 million, whereas the IA-EVSI was estimated to be £8.04 million. The latter value shows the returns to investing in sample research, accounting for the fact that the availability of further information from this research may lead to less than optimal implementation. Figure 2 shows the values of EVPI, EVSI, and IA-EVSI calculated at £30,000 per QALY in each time period across the hypothesized time horizon. Both EVPI and EVSI decrease with time owing to discounting. In the case of IA-EVSI, the decrease due to discounting is offset by additional benefit brought about by increases in implementation, that is, increases in the number of eligible patients being offered the treatment that is shown to be cost-effective. The population EVPI, EVSI, and IA-EVSI for different values of willingness to pay for a unit of benefit are given in Figure 3 .
Impact of Alternative Assumptions on Results
The values of EVPI, EVSI, and IA-EVSI calculated on the basis of different assumptions can be seen in Table 4 . EVSI and IA-EVSI were greater than their respective base case values when (1) future benefits were not discounted (as opposed to discounted at 3.5%), (2) a longer time horizon was specified (10 and 20 years, as opposed to 5 years in the base case), and (3) a greater saturation level was specified (85% and 95%, as opposed to 75%). IA-EVSI was lower than the base case value when (1) future benefits were discounted at 6% (as opposed to 3.5%), (2) the specified time horizon was set to be 2 years (as opposed to 5 years), and (3) the annual incidence of eligible patients decreased, in line with observed trends in new cases of NSCLC in the United Kingdom. 37, 38 The change in IA-EVSI compared to the base case IA-EVSI value ranged from a decrease by 57% (when the time horizon was set to 2 years) to an increase by 186% (time horizon of 20 years) (Figure 
4, online supplement). Alternative assumptions had
an effect on the difference between EVSI and IA-EVSI. Compared to the base case value (i.e., £16.5 million), this difference increased when future NMBs were not discounted, as well as when the time horizon was set to be greater than the base case value of 5 years (i.e., 10 and 20 years). However, the difference between EVSI and IA-EVSI decreased (as compared to the respective base case value) under the assumptions of (1) declining incidence of eligible patients, (2) a shorter time horizon (i.e., 2 years), and (3) higher saturation levels (85% and 95%) ( Figure 5 , online supplement). Different patterns of uptake were explored; these included a ''sigmoid'' curve that is often used to represent trends in diffusion and adoption of technologies, as well as curves representing scenarios under which clinical practice is assumed to be more and less responsive to research results ( Figure 6 , online supplement). The uptake rate does not affect the EVSI because this measure is calculated on the premise of a fixed (optimal) level of implementation. In line with expectations, greater uptake rates that would be realized sooner across the specified time horizon (such as in the ''responsive'' case) would lead to greater (lower) numbers of patients receiving cost-effective (non-cost-effective) treatments, higher IA-EVSI, and smaller differences between IA-EVSI and EVSI (Figure 7 , online supplement).
DISCUSSION
Traditionally, VoI measures have been calculated on the assumption that a decision made under further information will be implemented instantaneously and in full. Although new information is shown to trigger an increase in implementation, 28, 39, 40 a decision is unlikely to be fully and instantaneously implemented. 22 In light of additional information, treatment uptake will often be greater than what currently occurs but lower than optimal.
Failing to adjust for this reality has important consequences for decision making. Assuming that implementation will be optimal, nonadjusted EVSI would overestimate the value of further research, which would inevitably lead to suboptimal funding decisions and inefficient use of research resources. In the particular example, the nonadjusted EVSI (i.e., the expected benefit under the assumptions that every single eligible patient will be treated with the optimal treatment) is £24.99 million. Should a study in NSCLC cost less than this amount (e.g., £10 million), a decision to fund and conduct the study will be thought to be beneficial, leading to a gain of approximately £15 million in NMB. After adjusting for implementation, the expected EVSI is reduced to £8.04 million, nearly £17 million lower than the nonadjusted EVSI. This difference can be seen as the loss of benefit due to imperfect implementation, which is not accounted for in unadjusted EVSI calculations. Given a hypothetical cost of research of £10 million, conducting the study would not be costeffective, leading to a loss of almost £2 million.
Although the reality of imperfect implementation in respect to VoI has been acknowledged, 23, 24, 41 the literature around ways of addressing this issues is scant. Apart from the work of Fenwick et al., 25 described earlier, only one study proposing a way of dealing with the issue was found in the literature. 27 In this study, Willan and Eckermann set out to relax the assumption of perfect implementation when calculating expected net gains (i.e., the difference between EVSI and a study's expected total cost). This work is set in a context in which current evidence is in favor of a new treatment and no further information is expected. Under this scenario, the authors present a way of specifying an economically optimal design for a clinical trial by accounting for the fact that greater sample sizes will lead to stronger evidence and may result in higher uptake rates. In this study, EVSI and expected net gains were calculated through a parametric approach, which assumes that outcomes (e.g., NMBs) follow a particular distribution. Although the methodology is rigorous, its applicability is constrained by the fact that in many cases, outcomes are unlikely to follow a particular distribution, especially when these come from decision models that combine evidence from diverse sources. 33, 34 Because VoI analyses are increasingly carried out on the basis of the simulated output of decision models, our work provides a nonparametric framework that is applicable to a wider range of analytic calculations. Different factors have a bearing on the results. First, there exist factors that are inherent to VoI analysis and are known to affect the calculation of individual-patient VoI. These include the degree of uncertainty (and, by extension, the expected opportunity loss due to uncertainty) associated with a decision and the monetary value attached to the loss of a unit of benefit, typically represented by a willingness-to-pay threshold. The impact of these factors on VoI measures is well documented. 34 In addition, there exist factors that affect the population VoI. These relate to the number of patients who are expected to benefit from the availability of additional information, and depend on the number of eligible patients per period of time, the time horizon over which information is expected to be useful, and the rate of change in the uptake of a treatment per period of time. The latter has a key effect on the magnitude of the IA-EVSI and the difference between IA-EVSI and other measures of VoI.
High uptake rates will push implementation toward an optimal level. As implementation approaches an optimal level, the IA-EVSI will increase and the difference between IA-EVSI and EVSI will decrease. Furthermore, the shorter the period of time until implementation reaches the ''saturation'' level, the lower the number of patients not receiving the optimal treatment, the greater the IA-EVSI, and the greater the difference between IA-EVSI and EVSI. A longer time horizon will effectively inflate the number of patients who are affected by the availability of improved information, increase the expected benefit in the population, and make further research appear more desirable. A similar effect is expected if the incidence of eligible patients increases throughout time. The difference between EVSI and IA-EVSI for longer time horizons or greater incidence will be primarily affected by the rate by which implementation increases.
Our work has certain limitations. In particular, the case study is based on a simple 3-state model.
Arguably, a more sophisticated model structure would give more accurate estimates of cost-effectiveness and the uncertainty around them, and more accurate VoI results. In addition, for pragmatic reasons, EVSI was calculated for the uncertainty around the main clinical determinants of the decision problem (i.e., the rates of disease progression and death) rather than all parameters for which a trial may provide further evidence. EVSI calculations on the basis of all possible parameters would be complex and computationally challenging. 34 Similarly, calculations were carried out for a single sample size, which reflects that sample size proposed in a study looking at the particular decision problem in NSCLC (BTOG-2 trial). However, these limitations need to be seen in light of the purpose of the study to illustrate the proposed methodology, rather than to inform actual treatment or research recommendations. Because the above limitations are specific to the particular application, it is argued that they do not affect the degree to which the proposed method would be applicable to a more rigorous stylized example or to a different decision problem. If, for example, the interest is on research evaluating a new rather than commonly used treatment, the presented methodology would be equally applicable, with the difference that, in this case, implementation would be expected to start from a very low level.
Evidently, the proposed adjustment requires additional information in the form of estimates of treatments' change in uptake throughout time. Once such estimates are specified, additional calculations are minimal and can be readily carried out in widely available spreadsheet applications. In the presented stylized case study, likely uptake estimates were specified on the basis of expert opinion. Alternatively, estimates may be drawn from different sources, including historic data showing trends in the uptake of technologies and expert consensus exercises using appropriate elicitation techniques. Importantly, when specifying the uptake rate to be included in the calculations, one needs to account for the interplay between different factors that are expected to affect implementation. 42, 43 Such factors may include the strength and quality of the existing and new evidence, the effectiveness of the dissemination strategies used, the nature of the technology and the extent to which change is practical and feasible (availability of materials and facilities, training needed to use the technologies, etc.), and the nature of the regulatory arrangements in the particular setting. 9, [44] [45] [46] Inevitably, estimates of future uptake rates will be, in essence, guesses surrounded by uncertainty. However, the use of uncertain information in VoI analysis (e.g., the number of years for which the information will be relevant, or the value of willingness to pay for a QALY) is unavoidable and has not precluded the calculations of VoI measures in the first place. Rather than disregarding any proposed adjustments, we argue that efforts should be directed toward ensuring that the assumptions used are made explicit, are plausible, and are based on the best available knowledge.
Faced with finite budgets, public funding organizations are increasingly interested in ensuring that available research resources are allocated efficiently. Although VoI analysis offers useful input in this process, it is important that VoI calculations are adjusted to take into account special characteristics of the particular context. We propose a simple and intuitive methodology through which researchers can adjust VoI estimates for implementation. We believe that the proposed adjustments provide further assurance that VoI calculations are not limited by unrealistic assumptions, and are likely to strengthen the case for greater use of VoI in research prioritization.
